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Abstract. Genetically-defined biodiversity units must align with practical conservation
frameworks, and most conservation is conducted at the species level. Chinese giant
salamanders have traditionally been interpreted as the single widespread species Andrias
davidianus, but molecular studies have reinterpreted this taxon as representing multiple
allopatric clades, and competing taxonomic hypotheses support different numbers of
candidate species. We conducted species delimitation analyses using tree-based models
(General Mixed Yule Coalescent, Poisson Tree Processes) and alighment-based models
(Bayesian Phylogenetics and Phylogeography) to interpret diversification across Andrias
within a comparative systematic framework, using 30 mitogenomes representing all
recognised Chinese clades. Nearly all tested models provide support for at least seven
statistically-resolved Chinese species-level lineages, and most provide support for nine
species. Only four species have available names. Chinese Andrias populations are Critically
Endangered, but unnamed species cannot be incorporated into national or international
conservation frameworks and risk being excluded from recovery efforts. We urge
taxonomists and conservation practitioners to focus more attention on the world’s largest
amphibians, and non-standard taxonomic approaches may be required to name these

species before they disappear.

Keywords: Andrias davidianus; coalescent theory; conservation; mtDNA; phylogenetic

species concept; species delimitation; undescribed species; taxonomy
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Introduction

Cataloguing biodiversity is crucial to inform conservation and help mitigate the global
extinction crisis (Mace 2004, Costello et al. 2013, Thomson et al. 2018, O’Donnell et al.
2020). Although conservation policy increasingly recognizes the need to retain biodiversity
across multiple dimensions (genes, populations, species, evolutionary history, ecosystems,
contributions to humanity) (Diaz et al. 2020), the majority of practical conservation
planning and management is conducted at the species level (Coates etal. 2018). Taxonomy
therefore fundamentally underpins conservation. Without a formal description and name, a
species cannot be incorporated into national or international frameworks, its extinction
risk cannot be assessed, and vital conservation action often cannot take place (O’'Donnell et
al. 2020).

However, taxonomy is dynamic (Thiele et al. 2021): it involves both the description of
biodiversity based upon available data, and decisions about how new understandings are
translated into nomenclature (Zachos et al. 2019). Taxonomic change can arise through
changes to paradigms used for defining species (Dufresnes et al. 2023), such as different
species concepts (Freudenstein et al. 2017, Padial and De la Riva 2020), and through
acquisition of new data, often associated with increased molecular analyses (Coates et al.
2018). In particular, molecular approaches have made advancements in differentiating
cryptic species (multiple species previously considered conspecific due to morphological
similarity) (Bickford et al. 2007). Changing formal taxonomic units, through either
‘lumping’ or ‘splitting’ of pre-existing species categories, has implications for conservation
(May 1990, Gutiérrez and Helgen 2013, Garnett and Christidis 2017), especially if

practitioners fail to translate evidence for genetically-defined units into species categories

$20zZ AInr g1 uo Jasn gy) ‘ABojoig Jo e1nmsu] npbuay) Agq 918069///00882¥/UBBUUIIOAS/SE0 L "0 | /I0P/3]0IB-80UBAPE/UBBUUIIOAS/WOD dNoolWepeor//:sdiy Woly papeojumoq



that can be incorporated into real-world planning and legislation (Coates et al. 2018).
There thus exists a serious risk of misalignment between scientific hypotheses of
threatened biodiversity, and formal biodiversity frameworks used for making decisions
and allocating resources in conservation (Ely et al. 2017, Garnett and Christidis 2017,
Thomson et al. 2018, O’'Donnell et al. 2020).

Misalignments between taxonomic hypotheses and conservation can be addressed
using statistically rigorous species delimitation models, which can improve the consistency,
objectivity and stability of defining species boundaries across related groups using genetic
datasets. These methods are most powerful when applied to multi-locus data (Fujita et al.
2012, Carstens et al. 2013). However, when target species are rare or represented only by
poorly-preserved archival specimens or degraded DNA, available data are often limited to
single mitochondrial DNA (mtDNA) loci or whole mitochondrial genomes (mitogenomes)
(Wandeler et al. 2007, Barnes and Turner 2015). Several methods are available that
perform well with mitogenome data, including coalescent theory and Poisson Tree
Processes (PTP) models. Coalescent theory is a widely-used statistical framework for
modelling the stochastic process of how lineages merge over time given demographic
parameters (Kingman 2000, Fujita et al. 2012), and is incorporated into methods such as
the General Mixed Yule Coalescent model (GMYC; Pons et al. 2006, Fontaneto et al. 2007,
Fujisawa and Barraclough 2013) and Bayesian Phylogenetics and Phylogeography (BPP;
https://github.com/bpp/bpp). PTP models estimate transitions in branch lengths below
and above the species level, modelling speciation and coalescence events as Poisson

processes along branches (Zhang et al. 2013).
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Giant salamanders (Cryptobranchidae: Andrias), the world’s largest amphibians, have
traditionally been interpreted as comprising two extant species, the Chinese giant
salamander Andrias davidianus (Blanchard, 1871) and Japanese giant salamander A.
japonicus (Temminck, 1836). All giant salamanders are threatened: A. japonicus is assessed
as Vulnerable on the IUCN Red List, and A. davidianus has been assessed as Critically
Endangered since 2004 (IUCN SSC Amphibian Specialist Group 2023a) and in Chinese
national legislation since 1989 (Zhao 1998, Wang et al. 2004). Chinese populations have
declined severely across their historical range, largely due to emergence of a massive-scale
commercial farming industry to supply the domestic luxury food market, which has driven
illegal harvesting of wild individuals to supply breeding stock (Cunningham et al. 2016,
Turvey et al. 2018, Tapley et al. 2021, Turvey et al. 2021). A multi-year survey of 97 sites
with suitable predicted giant salamander habitat and/or historical records, conducted
across 16 Chinese provinces in 2013-2016, only detected salamanders at four sites, and all
of these animals might have originated from nearby farms rather than representing wild
individuals (Turvey et al. 2018). Remnant wild populations have subsequently been located
at a few sites (Wang et al. 2017, Liang et al. 2019, Chai et al. 2022).

Molecular studies conducted over the past two decades using different methods
(isozymes, mtDNA genes, microsatellites, single nucleotide polymorphisms (SNPs)) have
consistently concluded that giant salamanders across central, eastern and southern China
represent genetically distinct local populations (Murphy et al. 2000, Tao et al. 2005, Wang
et al. 2017). Large-scale genetic analysis of wild-caught and farm-bred individuals using
mtDNA loci and SNPs identified between five and seven distinct clusters (referred to as

mtDNA haplotype clades A-E and U1-U2); these clades could not be consistently associated
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with specific landscapes, as recent human movement of individuals for farming had
obscured historical patterns of biogeography (Yan et al. 2018). The same seven clades were
recovered by Liang et al. (2019), using more extensive mtDNA data (including 20
mitogenomes) sampled from reportedly wild-caught adults and larvae, although with a
slightly different pattern of phylogenetic relationships (clades referred to as A-G; see Table
1 for correspondence between two sets of clade names). Associated locality data
demonstrated that clades exhibited largely non-overlapping allopatric distributions across
different watersheds and montane ecoregions, although with some spatial mismatches
probably associated with inclusion of translocated individuals within the study.

Whereas both Yan et al. (2018) and Liang et al. (2019) inferred a deep divergence
between all clades (late Miocene to middle Pliocene, 11.1-3.7 Mya), their taxonomic status
was left unresolved: they were referred to as ‘species lineages’ (Yan et al. 2018) or
intraspecific A. davidianus populations (Liang et al. 2019), and remained undescribed and
unnamed. Clade B (Yan et al.)/clade G (Liang et al.) corresponds to A. davidianus sensu
stricto, based upon holotype collection locality (Liu 1950, Dai et al. 2009, Turvey et al.
2019). Analysis of partial or near-complete mitogenomes from historical samples by
Turvey et al. (2019) was able to associate a museum specimen described in the early
twentieth century as a distinct species, Andrias sligoi (Boulenger, 1924), with clade D (Yan
et al.)/clade B (Liang et al.), and assigned this species name to the clade. This species was
recently assessed as Critically Endangered (IUCN SSC Amphibian Specialist Group 2023b).
More recently, a wild population of clade U2 (Yan et al.)/clade D (Liang et al.) has been
described as the new species A. jiangxiensis Lu, Wang, Chai, Yi, Peng, Murphy, Zhang and

Che in Chai et al. (2022). A further species, A. cheni Xu, Gong, Lj, Jiang, Huang and Huang in
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Gong et al. (2023), has been described from Huangshan, the source of samples assigned to
clade E (Yan et al. / Liang et al.). Other clades remain undescribed, and the taxonomic
status of the Chinese Andrias radiation is unclear in light of the competing hypotheses
proposed by Yan et al. (2018) and Liang et al. (2019) and a lack of wider comparative
assessment of phylogenetic patterns and evolutionary dynamics across related taxa.

Phylogeographic structuring of Andrias matrilines across China indicates that
conservation management frameworks need to recognise local genetic differentiation of
giant salamander populations. Mixing of animals in farms, and well-intentioned releases of
farm-sourced animals translocated from different regions of China, is understood to pose a
severe threat through hybridisation and ecological replacement of remnant populations of
local clades, in addition to risk of disease transfer (Yan et al. 2018, Turvey et al. 2018,
Turvey et al. 2019, Shu et al. 2021). China’s Aquatic Wildlife Conservation Association has
recently acknowledged the existence of at least five Chinese giant salamander species, and
recommends that releases without genetic screening should be prohibited (CAWCA 2023).
However, China’s national List of Wildlife under Special State Protection, which was
substantially revised in 2021 for the first time since 1988, still only includes one named
Chinese giant salamander species, A. davidianus. Exclusion from this state protected species
list is known to impede effective conservation (Ping and Zeng 2020). The IUCN Red List
also currently provides extinction risk assessments for only A. davidianus and A. sligoi
(IUCN 2024).

A key step to guide conservation policy for Chinese giant salamanders is to critically
evaluate whether genetic differentiation across Chinese Andrias populations should be

interpreted as multiple distinct species or intraspecific diversification. If allopatric clades
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are demonstrated to represent species-level differentiation, it is then necessary to
determine what options are available to formally name the undescribed species and
integrate them within conservation planning frameworks, and to determine which options
are most feasible and appropriate in light of the perilously rare and threatened status of all
wild populations. We address these urgent questions by conducting species delimitation
analyses of available genetic data for Andrias clades representing discrete candidate
species. Our findings provide a new baseline for interpreting, defining and conserving
species diversity in Chinese giant salamanders, and our study has wider relevance for

incorporating cryptic species as conservation units into real-world policy and management.

Materials and Methods

Data and phylogenetic reconstruction
To test whether geographically-structured matrilineal clades observed within Chinese
Andrias should be interpreted as distinct species, species delimitation analyses were
conducted using 20 mitogenomes from recent field-collected samples reported by Liang et
al. (2019), combined with nine mitogenomes from historical specimens reported by Turvey
et al. (2019) and one mitogenome from Xu et al. (2016). These samples cover all seven
previously-identified Chinese clades (samples per clade: 1-10; Table 1, Table S1).

Partial and full-length mitogenomes were obtained from GenBank for the amphibian
suborder Cryptobranchoidea (comprising the families Cryptobranchidae and Hynobiidae).
Taxonomic conventions and placements follow the Amphibian Species of the World list

(https://amphibiansoftheworld.amnh.org) and the [UCN Red List (2024). Three alignments
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were created to reconstruct mitogenome phylogenies: (1) 30 Chinese Andrias sequences
only; (2) Chinese Andrias sequences and one A. japonicus sequence as outgroup (‘all-
Andrias’); (1) 140 available sequences for the Cryptobranchoidea, comprising all Andrias
sequences and 39 species of Hynobiidae (pruned to remove excessive duplicates; Table S1).

For each separate dataset, an alignment was performed using Muscle v.3.18 (Edgar
2004) in the Geneious Pro v.8 platform (Kearse et al. 2012). Sequence annotations,
determined using MITOS v.2.1.8 (Donath et al. 2019) and GenBank information, were used
to extract and concatenate the two rRNAs, 22 tRNAs and 13 protein-coding genes per
alignment. The Chinese Andrias alignment did not require a substitution model as it was
used for network-building on uncorrected p-distances. The other alignments were
submitted separately to PartitionFinder2 (Lanfear et al. 2017), which was used to establish
optimal partitioning strategies and best-fit nucleotide substitution models. This was run
using models available in MrBayes v.3.2.7 (Ronquist et al. 2012) and applying AICc model
selection criteria and the ‘rcluster’ search parameter (Lanfear et al. 2014). This approach
identified the GTR+G substitution model as optimal for the all-Andrias alignment, and the
GTR+G+I substitution model for the Cryptobranchoidea alignment (likely due to added
complexity resulting from inclusion of diverse hynobiid data).

Different tree-building approaches were implemented for the all-Andrias and
Cryptobranchoidea alignments. For Andrias, a Bayesian phylogeny was generated in
MrBayes v.3.2.7 (Ronquist et al. 2012) with A. japonicus as outgroup. Four chains were run
for 2x10° generations, sampling every 100 iterations, with run performance and chain
convergence assessed using summarised run statistics; a 50% consensus tree was

generated after 25% of trees were discarded as burn-in. The same alignment was used to
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create an uncalibrated maximum likelihood (ML) phylogeny for Andrias in RAXML v.8
(Stamatakis 2014) with a majority-rule tree as the output phylogeny and with 1000
bootstrap replicates. A neighbour-net phylogenetic network was also generated for Chinese
Andrias using SPLITSTREE v.5.3.0 (Huson and Bryant 2006), using least-squares variance,
uncorrected p-distances, heterozygous ambiguities averaged and normalized, and the equal
angle algorithm, with branch support estimated using 1000 bootstrap replicates.

A phylogeny for the Cryptobranchoidea was reconstructed using BEAST v.2.6.4
(Bouckaert et al. 2019) for use with a GMYC model. This approach performs optimally on a
complete phylogeny and requires a time-calibrated ultrametric tree (Fujisawa and
Barraclough 2013), so calibration points were derived from molecular, fossil and geological
data (Table S2; see Turvey et al. 2019). The oldest putative crown-group cryptobranchid,
the Middle-Upper Jurassic (Bathonian-Oxfordian) Chunerpeton tianyiense (Gao and Shubin
2003), is often used to constrain the origin of Cryptobranchoidea (e.g. Zhang et al. 2006,
Zhang et al. 2008). However, Chunerpeton has recently been referred to the stem-Caudata
and thus falls outside the Cryptobranchoidea (Rong et al. 2021). Turvey et al. (2019) used
Chunerpeton to constrain the origin of Cryptobranchoidea as the mean of the time range
between start-Bathonian and end-Oxfordian, with soft bounds including all of this range
(162.8+5.5 Mya). In the absence of an alternative fossil calibration point, we retain a Middle
Jurassic mean origin, but with generous soft bounds that extend through the Early to Late
Jurassic (168+20 Mya). The Cenozoic cryptobranchid Aviturus exsecratus (Gubin 1991,
Vasilyan and B6hme 2012) was used to constrain minimum age of the Cryptobranchidae at
56 Mya. Molecular estimates of divergence times derived from nuclear genes were used to

constrain the origin of crown-group Hynobiidae (mean age: 135.1 Mya, soft bounds: 120-
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151 Mya), and the timing of major diversification within the family (i.e. excluding
Onychodactylus spp.; mean age: 40.2 Mya, upper and lower bounds: 34.5-46.2 Mya; Chen et
al. 2015). The timing of geological isolation of Japan from mainland Asia (Isozaki et al.
2010) was used to constrain a mean origin for Andrias of 16 Mya (upper and lower bounds:
14.5-17.6 Mya). Priors and calibrations for the estimated most recent common ancestor of
the Chinese Andrias radiation were obtained from Liang et al. (2019). The dataset used an
uncorrelated log-normal clock, a Yule tree prior using a random starting tree, and the
model of nucleotide substitution suggested by PartitionFinder2 (GTR+I+G). More complex
analyses using partitions and birth-death priors were explored but tended to result in
insufficient sampling and convergence. The analysis was run for 3.5x108 generations,
sampling from the prior every 3500 generations. TRACER v.1.7.2 (Rambaut et al. 2014)
was used to assess chain convergence and sufficient sampling in the .log file before trees
were resampled in LogCombiner, to provide a final set of 10,000 trees. A Maximum Clade
Credibility (MCC) tree was then created in TreeAnnotator v.1.10 (Bouckaert et al. 2019)

after removing 25% of trees as burn-in.

Tree-based species delimitation
GMYC and PTP approaches were used to delimit operational taxonomic units in Andrias
based on the phylogenetic species concept (PSC) and using a gene tree as input.

GMYC is a tree-based likelihood method for species delimitation, which models
switches between speciation events and intraspecific coalescence events in the branching
patterns of a time-calibrated ultrametric tree by optimizing a ML solution (Pons et al. 2006,

Fontaneto et al. 2007, Fujisawa and Barraclough 2013). It uses a Yule model for
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interspecific branching events that assumes no extinction and a constant speciation rate
(Nee et al. 1994), and a neutral coalescent process to model intraspecific branching events
(Hudson 1990). We used both the single-threshold model (sGMYC), which assumes a single
threshold time-shift between species diversification and intraspecific coalescences (Pons et
al. 2006, Tomochika and Barraclough 2013), and the Bayesian model (bGMYC), which
samples from a posterior distribution of ultrametric trees and pools Markov-Chain Monte-
Carlo (MCMC) runs per tree to generate posterior probabilities for sampled species (Reid
and Carstens 2012). The multiple-threshold GMYC model was not used as it can
overestimate species numbers and performs poorly in comparison to sGMYC (Fujisawa and
Barraclough 2013). For sGMYC analysis, the R package ‘splits’ v.1.0 (Ezard et al. 2009) in R
v.4.1.1 (R Core Team 2021) was used to perform species delimitation using the BEAST MCC
tree as the input phylogeny. For bGMYC analysis, LogCombiner was used to resample the
10,000 BEAST trees to extract 100 trees from the posterior distribution after 25% burn-in.
MCMC was run for 50,000 generations, with a burn-in of 40,000 and thinning of 100.
Parameters t1 and t2 were set to t1=2 and t2=140. The fit between data and models was
assessed using P2C2M.GMYC with ML parametric bootstrapping (Fonseca et al. 2020).

PTP looks for significant differences in substitution rates among and within species
rather than identifying transitions in branching rates, so does not require a time-calibrated
ultrametric phylogeny. Both ML and its Bayesian implementations (bPTP; Stamatakis et al.
2013) were run for PTP analysis. To examine the effect of phylogeny on species
delimitation performance of PTP, the all-Andrias Bayesian tree and the Cryptobranchoidea
BEAST MCC tree were both used as input phylogenies for PTP and bPTP. Analyses were

conducted using the bPTP server (https://species.h-its.org; Zhang et al. 2013) with
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250,000 generations, thinning set to 250, and burn-in of 25%. Model convergence was

determined by visual inspection of MCMC iterations against log likelihoods.

Sequence alignment-based species delimitation

Joint species delimitation and species-tree estimation (analysis A11) was performed in BPP

v.4.4.1 (https://github.com/bpp/bpp). In contrast to tree-based methods, BPP performs its
analyses on sequence alignments within a Bayesian framework using a reversible-jump
Markov Chain Monte Carlo search to test between species delimitation models (Yang 2002,
Rannula and Yang 2003, Flouri et al. 2018). The multispecies coalescent model (Xu and
Yang 2006) infers boundaries of closely related species (<10% divergence) by comparing
delimitation models and estimating the sum of the posterior probability of species trees,
and is often applied to mitogenomes. As limited information is available to inform priors
set for extant and ancestral population size (8) and species divergence times (1), a diffuse
prior (a=3) was set for population size parameters and root divergence time, following
Flouri et al. (2020). The shape parameter for the gamma distribution of population size ()
was adjusted to give a range of means representing high, mid-range and low values to
explore the effects of priors on species delimitation, with seven prior combinations used,
and each run repeated twice on a different starting seed to ensure convergence on the
same posterior (Table 2). The MCMC chain was run for 250,000 steps, with a sampling
frequency of 5, following burn-in of 50,000. Samples were assigned to putative species
based on which mtDNA clades they were assigned to in phylogenetic reconstructions. As

BPP does not split species, the maximum number of putative species suggested by other
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delimitation methods and phylogenetic analyses (n=9) was used to define maximum

possible species number.

Congruence between mitogenome and gene trees

To explore whether useful genetic markers could be identified for rapid taxonomic
assignment of Andrias individuals, further investigation was conducted to assess whether
the clades reconstructed in the whole-mitogenome phylogeny could be recovered using
shorter mtDNA sequences. Gene regions previously used to investigate Chinese Andrias
phylogenetics were trimmed from the BEAST input mitogenome alignment. Three single-
gene regions were investigated: cytochrome oxidase 1 (Yan et al. 2018), D-loop (Tao et al.
2005), and cytochrome b (Tao et al. 2005). Two combined multi-gene samples were also
investigated: a combined three-gene consensus tree (comprising all three single-gene
regions), and the partial cytochrome b to control region fragment investigated by Liang et
al. (2019). Trimmed alignments were used as inputs for simple neighbour-joining gene

trees built using the PAUP plugin for Geneious v.7.1.9 (https://www.geneious.com). The

cytochrome b gene was also used as input for a comparative Bayesian gene tree built using
the MrBayes 3.2 plugin in Geneious (parameters used: substitution model HKY85; chain

length 1,100,000; subsampling frequency 200, with burn-in of 100,000).
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Results

Sequence alignments and phylogenetic reconstruction
Final sequence lengths after alignment and trimming were 15,437 base pairs (bp) for
Chinese Andrias sequences (n=30), 15,443 bp for all-Andrias sequences (n=31), and 15,818
bp for Cryptobranchoidea sequences (n=140). Within the Chinese Andrias alighment, there
were 7152 sites with gaps or missing data, 7914 monomorphic sites, and 376 polymorphic
sites. The number of haplotypes were 25, with haplotype diversity (Hd) = 0.98 and
nucleotide diversity (1) = 0.008. The network (Fig. 1) and the ML and Bayesian trees (Fig.
2) all yielded well-supported phylogenies with identical topologies, suggesting a minimum
of seven monophyletic groupings matching the seven clades reported by Yan et al. (2018)
and Liang et al. (2019); these clades are referred to as A-G (cf. Liang et al. 2019). Network
bootstrap support for these divisions was 100 for all groups, and branch support in trees
was high: ML bootstraps were >98, and Bayesian posterior probabilities were 1 (Fig. 2).
The time-calibrated BEAST tree recovered a highly-supported phylogeny for
Cryptobranchoidea (Fig. S1). Chains showed good convergence and all ESS values were
>200 (Table S3). The most recent common ancestor dates for major nodes were: (a) tree
root = 155.0 Mya (95% HPD: 135.7-173.8 Mya); (b) Hynobiidae = 125.0 Mya (95% HPD:
109.6-140.6 Mya); (c) Hynobiidae excluding Onychodactylus = 58.6 Mya (95% HPD: 50.3-
67.1 Mya); (d) Cryptobranchidae = 61.3 Mya (95% HPD: 56.0-70.8 Mya). Divergence
between Chinese and Japanese Andrias species was estimated at 15.8 Mya (95% HPD: 14.0-
17.5 Mya). Node date estimates for Chinese Andrias clades are shown in Fig. 3. The tree was

heavily calibrated to provide a phylogeny reflective of known divergence dates, and thus
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generate branching patterns suitable for GMYC analysis; node ages may therefore be

influenced more by calibration designations than sequence data.

Tree-based species delimitation

Across the Cryptobranchoidea, sGMYC results rejected the null model that all sequences
belong to one species (likelihood value of null model = 164.64, likelihood of SGMYC model =
204.51, likelihood ratio = 79.14, p<0.01), and delimited 56 species (maximum likelihood
entities) comprising 18 clusters (95% CI: 17-19) (Table S4). Within the Chinese Andrias
samples, sGMYC delimited seven highly-supported species corresponding to clades A-G
(Fig. 3), with branch support of 1 for all clades with >1 sequence (Fig. S2; node support for
single sequences cannot be calculated).

P2C2M.GMYC and bGMYC produced conflicting results when assessing suitability of
GMYC to the Andrias dataset. P2C2M.GMYC suggested the data did not violate GMYC
assumptions (p=0.8), whereas bGMYC indicated uncertainty in the species boundaries
suggested by sGMYC and gave a conservative estimate of species richness: Clade A was
delimited with 0.99 posterior probability, clade B+C with 0.85 posterior probability, and
Clade G with 0.78 posterior probability, whereas other clades were delimited with 0.1-0.6
posterior probability (Figs 3-4).

PTP and bPTP analyses were identical for both the all-Andrias and Cryptobranchoidea
trees, so only the bPTP results are reported. MCMC iterations and log-likelihood scores
showed good convergence for both trees (Fig. S3), and PTP and bPTP produced identical
species groupings and support values (Fig. 5, Table 3). The estimated number of species in

the all-Andrias tree was 7-15 with a mean of 10.15 (acceptance rate: 0.182). The best-
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supported species delimitation was for nine Chinese Andrias species: clades A-G were
recovered, with further subdivision of clades D and G into two further species pairs,
although support for subdivision of clade G was low (clade support: G1=0.68, G2=0.37; Fig.
5, Tables 1, 3). The estimated number of Chinese Andrias species in the Cryptobranchoidea
BEAST phylogeny was seven (species range for entire phylogeny: 55-63; mean: 58.49;
acceptance rate: 0.066). This analysis did not detect further subdivision of clades D and G

into additional species (Fig. 5, Table 3).

Sequence alignment-based species delimitation

All pairs of prior combinations run on Chinese Andrias sequences showed identical results.
Runs 1-5 supported subdivision into nine species, corresponding to clades A-G and
subdivision of clades D and G into additional species pairs as in PTP analyses. All posterior
probabilities on these nine species were >0.9, with posterior probabilities >0.99 in runs 1
and 2 (Table 4). In runs 6 and 7, which had a 8 of IG(3,0.02), species delimitation ranged
between seven and nine species: the seven-species scenario replicated clades A-G, the
eight-species scenario subdivided Clade G, and the nine-species scenario subdivided clades
D and G (Table 4). In these runs, the eight-species scenario had highest posterior support in
each run, followed by the nine-species scenario and seven-species scenario; however,

posterior probabilities for these delimitations were low (0.2-0.5).
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Congruence between mitogenome and gene trees

Of the single-gene regions investigated for rapid taxonomic assignment of Chinese Andrias

individuals, the cytochrome b neighbour-joining tree recovered all nine distinct clades in
the mitogenome phylogeny, although tree topology was not identical, and clade support
was variable (54-100). Trees based upon the two combined multi-gene samples (three-
gene consensus tree, cytochrome b to control region fragment) also recovered all nine
clades. The cytochrome oxidase 1 and D-loop single-gene neighbour-joining trees and the
Bayesian cytochrome b tree contained polytomies and did not recover all clades (Figs S4.

S5).

Discussion

Validity of species delimitation analyses
By conducting tree-based and alighment-based species delimitation analyses on
mitogenome data across the Cryptobranchoidea, our study provides a new baseline for
interpreting diversification observed across the Chinese Andrias radiation within a
comparative systematic framework. Our dataset is representative of those typically
available for threatened species, where sample sizes can be low due to rarity and
difficulties in obtaining samples.

Although we analysed mitogenomes with sequence lengths of >15,000 bp,
mitogenomes represent a single locus in these analyses, and our study was restricted to a
relatively small number of sequences available per putative Andrias species. Single-locus

data can risk obscuring species-coalescence boundaries through gene tree-species tree
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discordance (incomplete lineage-sorting; Maddison and Knowles 2006, Mallo and Posada
2016). Importantly, mitochondrial-only data may not reflect variation shown by nuclear
DNA, for instance in situations with mtDNA replacement (Dufresnes et al. 2019, Tamashiro
et al. 2019), and mito-nuclear discordance is documented in other amphibians (Denton et
al. 2014, Firneno Jr et al. 2020, Shu et al. 2022). We were restricted to mitochondrial-only
analyses as we needed to incorporate data for historical museum specimens, including the
A. sligoi holotype, for which nuclear data are unavailable due to poor archival sample
quality (Turvey et al. 2019). We recognise that taxonomic conclusions based solely upon
mitogenomic data may not necessarily be robust (Leaché and McGuire 2006, Marshall et al.
2021), and it is crucial to test our phylogenetic hypotheses using nuclear gene and SNP
data when such comparative datasets become available for samples of taxonomic and
biogeographic importance.

Despite these important constraints, we were able to recover a highly-supported tree
that matched the topology of previously recovered mitochondrial and nuclear gene trees
for the Cryptobranchoidea (Zhang et al. 2006, Zheng et al. 2011, Chen et al. 2015, Pan et al.
2019), and was congruent with previous dating of key nodes across this clade based upon
mitochondrial and nuclear data (Zhang et al. 2006, Li et al. 2011, Chen et al. 2015, Shen et
al. 2016). Our results also match the topology of previous mitogenome trees for Chinese
Andrias (Liang et al. 2019). Importantly, although analysis of 772 bp RAG2 nuclear
sequence data by Liang et al. (2019) did not show geographic structure across allopatric
Chinese Andrias samples, analysis of 23,159 SNPs by Yan et al. (2018) identified the same
geographically distinct clusters of wild-caught individuals that were recovered in their

mitochondrial analyses. These independent lines of evidence therefore provide support for
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our recognition of multiple Chinese Andrias species-level clades, and demonstrate that
restricted sample sizes available for many threatened taxa can still generate important
insights about patterns of diversity, provided that a comprehensive comparative
assessment is conducted across different species delimitation methods and with the
strengths and weaknesses of each approach considered in their interpretation.

Taxon sampling within the Cryptobranchoidea is uneven; fewer than 50% of described
hynobiid species have available mitogenomes, and considerable cryptic species diversity
probably remains undescribed (Pan et al. 2019). Future genetic sampling of additional
hynobiid taxa might therefore influence species delimitation across the group. However,
recognition of additional cryptic hynobiid species would probably reduce the comparative
threshold for delimiting species more widely across the Cryptobranchoidea, so would not
conflict with our recovery of at least seven Chinese Andrias species. We also recognise the
effect that the changing interpretation of whether Chunerpeton tianyiense represents a
crown-group cryptobranchoid can have on divergence depth estimation (Rong et al. 2021),
although we accommodate uncertainty around phylogenetic placement of this taxon by
using broad soft bounds within our ultrametric tree that span much of the Jurassic. Indeed,
stem-group hynobiids have recently been identified from the Middle and Late Jurassic (Jia
and Gao 2019, Jia et al. 2021). Furthermore, variation in calibration points for the tree root
would affect divergence estimates across all taxa within the tree, rather than affecting
comparative divergences and species delimitation estimates specifically within Andrias.

Our methods are underpinned by the PSC. This species concept emphasises
diagnosable evolutionary independence as the primary criterion for species delimitation,

and defines a species as a reciprocally monophyletic group of populations that share
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derived characteristics and have a common evolutionary history that distinguishes them as
a discrete entity (Nixon and Wheeler 1990, Davis and Nixon 1992, de Queiroz 2007).
Morphologically cryptic species are common in amphibians (Wells 2007), and the PSC is a
powerful framework for elucidating hidden species diversity from genetic data when
appropriate thresholds are set. Although Chinese Andrias clades are able to hybridise, they
also hybridise with Japanese giant salamanders, which are uncontroversially recognised as
a distinct species (Fukumoto et al. 2015, Hara et al. 2023). Indeed, many well-defined
divergent amphibian species are incompletely reproductivelyisolated and can hybridise
following human-caused change to their distribution or ecology (Nadachowska 2010,
Canastrelli et al. 2017, Borzée et al. 2020). We recognise that the emphasis of the PSC on
phylogenetic distinctiveness fails to accommodate the additional importance of localised
adaptive variation and reproductive isolation associated with Evolutionarily Significant
Units below the species level (ESUs; Moritz et al. 1994), and we recommend further
exploration of Chinese Andrias using genome-wide SNP datasets to better understand the
potential existence of ESUs that may also warrant conservation recognition.

Only one complete mitogenome sequence was available for clades A, C and F, which
could have contributed to these clades appearing distinct in our analyses. We recognise the
importance of including multiple samples, ideally from different intraspecific populations,
when conducting mtDNA-based taxonomy (Tamashiro et al. 2019). The PSC is sensitive to
gene tree discordance and incomplete lineage sorting, which can be further confounded by
limited taxon sampling or sequence availability (Lim et al. 2012). However, Yan et al.
(2018) and Liang et al. (2019) both included multiple sequences for these clades, and

recovered comparable phylogenetic relationships and divergence times.
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Species diversity and evolution of Chinese Andrias
Nearly all species delimitation methods defined a minimum of seven Chinese Andrias
species using mitogenomic data, with high node support and statistical significance based
upon p-values (Figures 2, 3, 5, Tables 3, 5), albeit with discordance within and between
analyses regarding the maximum number of species. The most conservative estimates were
produced by sGMYC, which supported this seven-species scenario, and bGMYC, which
indicated uncertainty around many species boundaries and delimited few species with high
support. The poor performance of the dataset in bGMYC is probably due to topological
differences between trees sampled from the posterior distribution of the BEAST2 output;
conversely, sGMYC and P2C2M.GMYC use a single input tree and are not affected by such
differences (Reid and Carstens 2012, Tomochika and Barraclough 2013). Conversely, most
analyses (PTP, bPTP, and most BPP runs) instead provided strong support for a nine-
species scenario, with clades D and G each subdivided into further species pairs (Table 1).
Phylogenetic reconstruction using mitochondrial data alone can be insufficient to
delimit species accurately due to the potential for mito-nuclear discordance, and our
results will require future testing with suitable nuclear data to ensure they still hold.
However, our wider cryptobranchoid tree is congruent with tree topology and dating
previously recovered in nuclear studies; available nuclear evidence also indicates the
existence of multiple Chinese Andrias species; and four of the Chinese Andrias clades we
recognise are already named as distinct species (A. cheni, A. davidianus, A. jiangxiensis, A.
sligoi). This leaves the question of how many additional species-level clades should also be

recognised within this radiation.
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We therefore recognise at least seven Chinese Andrias species, and probably nine
species. Mean divergence-date estimates across these nine putative species range between
9.8 and 1.0 Mya. It is estimated that half of extant amphibian species diverged from their
closest extant relatives within the past 7.43 million years, and 578 species (95% credible
interval: 508-628) diverged within 1 Mya (Jetz and Pyron 2018), providing further
comparative support for recognising even the candidate species-pairs within clades D and
G as potential species. Similar relatively recent evolutionary divergence is also seen across
other eastern Asian cryptobranchoid species (Yang et al. 1997, Lu et al. 2012, Suk et al.
2019).

Chinese amphibian diversity hotspots are primarily in montane ecoregions (Chen and
Bi 2007, Hu et al. 2012, Li et al. 2012, Li et al. 2018). Speciation within Chinese Andrias was
probably driven by vicariance associated with regional Neogene orogenic activity (Turvey
et al. 2019), with estimated diversification following the most intense period of uplift of the
Tibetan Plateau (Zheng et al. 2000, An et al. 2001), and with Andrias clades associated with
different mountain systems that formed within the past few million years (Li et al. 1991,
Huang et al. 2002). Speciation in several other high-elevation cryptobranchoid and
salamandroid genera across the same region is also most consistent with a series of
dispersals across different mountain systems followed by isolation and divergence during
the past few million years, driven by orogenesis of the Tibetan Plateau and climatic and
ecological shifts associated with Pleistocene glacial cycling (Lu et al. 2012, Yuan et al.
2022).

Clades D and G display the broadest native distributions of sampled Andrias individuals

across China (Fig. 6), and their newly-recognised species pairs are locally restricted to
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discrete montane ecoregions across these wide geographic areas: the eastern and western
Nanling Mountains in central Jiangxi (clade D1) versus northern Guangdong (D2), and the
uplifts surrounding the southwestern Sichuan Basin in the upper Yangtze watershed (clade
G1) versus the Qinling orogenic belt in southern Shaanxi, southern Shanxi and northern
Henan in the Yellow River watershed (clade G2). These regions all constitute centres of
diversification and Quaternary habitat refugia for Chinese biota, and are recognised as local
hotspots of endemism in many groups (Lopez-Pujol et al. 2011a, Lépez-Pujol et al. 2011b,
Tian et al. 2018). Other locally endemic caudatan and anuran species also occur in each
region (Wuetal. 2012, Wang et al. 2013, Li et al. 2014, Wang et al. 2014, Yuan et al. 2014,
Feiand Ye 2017, Fu et al. 2022). Recognition of the D1-D2 and G1-G2 Andrias species pairs
as valid species is thus supported by phylogeographic patterns of local allopatry in other
regionally-occurring amphibians.

Clades D and G both have formal species names: A. jiangxiensis (clade D) and A.
davidianus (clade G) (Turvey et al. 2019, Chai et al. 2022). The A. jiangxiensis holotype is
from Ji'an, Jiangxi (Chai et al. 2022), the same locality as a mitogenome in our analysis
referred to clade D1. Clade D2 therefore remains unnamed. The A. davidianus holotype was
collected in Zhongba, Jiangyou, Sichuan (Liu 1950, Dai et al. 2009). Attempts to extract
ancient DNA from the >100-year old holotype have been unsuccessful (Turvey et al. 2019),
so this specimen cannot be assigned to any Chinese Andrias clade using genetic data. Wild
giant salamanders are probably now extirpated from Zhongba (Dai et al. 2009), meaning
that no further individuals can be collected to allow screening of modern samples.
However, Zhongba is situated at the western edge of the Sichuan Basin, only ~200 km from

the collection localities of Andrias samples within the same contiguous ecoregion that are
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assigned to clade G1 (Fig. 6), whereas clade G2 is distributed >400 km away in the eastern
Qinling Mountains, a separate montane system. The only available wild-caught individual
of clade F, the other clade reported from the northern boundary of central China’s
subtropical zone, was also collected in the Qinling Mountains, at the western end of the
orogenic system. We therefore propose that the species name Andrias davidianus
(Blanchard, 1871) should be associated with clade G1, meaning that clade G2 is currently

unnamed.

How can we establish names for Chinese giant salamander species?

We recommend that all nine Chinese Andrias clades recognised in our study should receive
formal taxonomic descriptions and names, so they can be incorporated into relevant
prioritisation and management frameworks, to enable conservation planning to be applied
separately for each species. Three definite Chinese Andrias species and two probable
further species remain unnamed. These taxa include clade G2, which was previously
referred to A. davidianus, and represents the population present in southern Shaanxi,

where the giant salamander farming industry developed in the 2000s (Cunningham et al.

2016). This unnamed species has been moved extensively around China to stock farms (Fig.

6), and has been released or escaped into the wild across the native ranges of many other
Andrias species, including A. davidianus sensu stricto (Turvey et al. 2018, Yan et al. 2018,
Turvey et al. 2019). We therefore recommend that individuals referred to clade G1 must be
managed separately from translocated farm stock.

Giant salamanders are one of several threatened large charismatic vertebrate taxa now

known to comprise multiple species (Hekkala et al. 2011, Stewart 2013, Murray et al. 2019,
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Coimbra et al. 2021). Molecular methods play an increasing role in delimiting such species
and understanding evolutionary relationships (Vogler and Monaghan 2007), and have
recently been used to reveal unexpected diversity in other highly threatened groups (e.g.
Gu et al. 2023). However, molecular data are typically used only to inform taxonomic
conclusions (Ellepola et al. 2021), and new species of amphibians and othertaxa are not
routinely described using molecular data alone (Streicher et al. 2020, Dubois et al. 2021).
Instead, taxonomists typically use an integrative approach when describing species; this is
particularly important when delimiting cryptic species within morphologically
conservative species complexes, which can be fraught with difficulty (Kohler et al. 2005,
Vieites et al. 2009, Catenazzi 2015).

However, in situations where molecular evidence supports species delimitation, it can
be extremely challenging to gather additional lines of evidence needed to describe these
species appropriately. With Andrias, we currently have minimal understanding of
morphological variation within and across Chinese populations. Previous large-scale
genetic studies were mainly based on genetic swabs obtained from animals on salamander
farms or from wild-caught animals that were released after sampling, with no
accompanying morphological information recorded and individuals typically unable to be
relocated for further investigation (Yan et al. 2018, Liang et al. 2019). Physical adult
specimens (either museum specimens or modern individuals) with reliable provenance,
which could be designated as types and form the basis for comparative descriptions, are
unavailable for most unnamed species (Turvey et al. 2019). Efforts to locate additional
specimens may fail, despite considerable effort, as Andrias populations have undergone

catastrophic decline or extirpation across China (Pierson et al. 2014, Tapley et al. 2015,
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Turvey et al. 2018). Whilst several undescribed Andrias species are known to be farmed
(Yan et al. 2018), husbandry can affect morphology (Martins et al. 2013, Hartstone-Rose et
al. 2014), and selective breeding of farmed Andrias can also impact colour (Guo et al.
2023); farmed individuals may therefore be atypical and might not constitute appropriate
type specimens. Indeed, for morphologically conserved species complexes, diagnostic
morphological characters may be insufficient (Angulo and Reichle 2008), and characters
traditionally considered diagnostic for particular described Andrias species are now known
to occur in multiple species (Turvey et al. 2019); however, recent morphology-based
studies have been able to differentiate between Chinese and Japanese Andrias and their
hybrids (Hara et al. 2023, Takaya et al. 2023). Identifying diagnostic characters is further
hindered for Andrias species as there may now be genetic contamination from
translocation and hybridisation in any wild-type individuals detected in surveys (Turvey et
al. 2018, Yan et al. 2018). This hybridisation risk highlights the importance of investigating
phylogenetic congruence of both mitochondrial and nuclear markers in potential types, for
instance through application of nuclear markers used by Yan et al. (2018) or Liang et al.
(2019), rather than relying solely on mtDNA-based assignment to mitochondrial clades.
The IUCN (1989, 2008) recommends that lethal collection of individuals as holotypes
should not normally take place for highly threatened species with very small population
sizes. We encourage further investigation of archival collections, especially in Chinese
institutions, to try to locate historically wild-caught individuals with known locality data
that can be assigned to genetic clades and could serve as types (cf. Waeber et al. 2017).
Given the urgency of incorporating the Critically Endangered Chinese Andrias radiation

into a formal taxonomic framework, we also encourage consideration of whether more
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non-standard approaches are feasible. Remnant surviving Andrias populations are
sometimes detected when larvae are washed out of karst cave systems (Dai et al. 2009,
Wang et al. 2017, Liang et al. 2019), and it is worth considering whether larval samples

could serve as valid types, for instance the genotyped specimens reported by Liang et al.

(2019). Anuran amphibian species have occasionally been described from larval stages (e.g.

Grosjean et al. 2015), although salamander larvae are morphologically conservative and
may lack comparative diagnostic characters. It is also technically possible to describe a

species without a dead type, for example using DNA barcodes, living holotypes, or

photographs (Jones et al. 2005, Gentile and Snell 2009, Meierotto et al. 2019, Streicher et al.

2020, Sharkey et al. 2021); specimen collection therefore does not need to present an
obstacle to urgent conservation efforts (O’Donnell et al. 2020). However, these approaches
are rare and have been heavily criticised by the taxonomic community (Ceriaco et al. 2016,
Santos et al. 2016, Pine and Gutiérrez 2017, Meier et al. 2021, Zamani et al. 2022a, Zamani
et al. 2022b). These controversies have increased calls to clarify and standardise
appropriate taxonomic protocols for species on the brink of extinction, an approach which
we strongly encourage (Nemésio 2009, Krell and Marshall 2017, O'Donnell et al. 2020).

Our results demonstrate that all Chinese Andrias mitochondrial clades in this study can
also be identified using single-gene screening methods, facilitating rapid phylogenetic
assignment of genetic samples from future wild-caught individuals for systematic research
and conservation. Such efforts should focus on identifying archived specimens of unnamed
clades (A, C, D2, F, G2) that could be utilised for taxonomic descriptions, and detecting
living wild-type individuals that could form the basis for targeted in-situ or ex-situ

conservation action. Even if future analyses of nuclear data provide new evidence to
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suggest that some unnamed mitochondrial clades might not constitute valid species, there
is still an important argument for conserving them as ESUs (Moritz et al. 1994). However,
in a practical sense, they are stuck in conservation limbo until they are formally named, and
in the time it may take to gather sufficient evidence to achieve this step, some may
disappear for good. Chinese Andrias populations were first recognised to constitute
multiple species over 20 years ago (Murphy et al. 2000), and we urge taxonomists to focus
more attention on the evolutionary radiation of the world’s largest amphibians. We also
urge the conservation community to adopt a precautionary approach, and to consider ways

to include these undescribed species in national and international conservation policy.
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Table 1. Chinese Andrias mitogenome sequences used in this study. See source publications for full collection localities and institutional

accession details.

GenBank | Specimen/ Location Clade name | Clade name | Clade name | Referred Source

accession | Isolate ID (county/region, city, province) (Yanetal) | (Lianget (this study) | species

no. al.)

KU131056 | GXXA609 Xing'an, Guilin, Guangxi A A A undescribed | Liangetal. (2019)

KU131051 | CQWL481 Huolu, Wulong, Chongging D B B A. sligoi Liang et al. (2019)

KU131054 | GZGDYX583 Guiding, Qiannan, Guizhou D B B A. sligoi Liang et al. (2019)

KU131052 | HNLS55 Longshan, Xiangxi, Hunan D B B A. sligoi Liang et al. (2019)

KU131050 | HNWMY48 Yongding, Zhangjiajie, Hunan D B B A. sligoi Liang et al. (2019)

MK177469 | NHM Hong Kong [?originally D B B A. sligoi Turvey etal. (2019)

1945.11.7.1 Guangdong/Guangxi]

MK177465 | ZMB 24105 Guangdong or Guangxi D B B A. sligoi Turvey etal. (2019)

KU131055 | GXZY587 Ziyuan, Guilin, Guangxi U1 C C undescribed | Liangetal. (2019)

KU131044 | JXJA336 Jing’an, Yichun, Jiangxi U2 D D1 A. Liang et al. (2019)
Jjiangxiensis

KU131045 | JXJGS352 Jinggangshan, Ji'an, Jiangxi U2 D D1 A. Liang et al. (2019)
Jjiangxiensis

KU131046 | GDLZ365 Lianzhou, Qingyuan, Guangdong U2 D D2 undescribed | Liangetal. (2019)

KX268733 | HS16091 Qimen, Huangshan, Anhui E E E A. cheni Xu etal. (2016)

KU131060 | AHHS695 Xiuning, Huangshan, Anhui E E E A. cheni Liang et al. (2019)

MK177461 | ROM 11036 Huangshan, Anhui E E E A. cheni Turvey etal. (2019)

MK177462 | ROM 11037 Huangshan, Anhui E E E A. cheni Turvey etal. (2019)

MK177463 | ROM 11038 Huangshan, Anhui E E E A. cheni Turvey et al. (2019)

MK177464 | ROM 11039 Huangshan, Anhui E E E A. cheni Turvey et al. (2019)

KU131059 | ZJLSQY680 Qingyuan, Lishui, Zhejiang E E E A. cheni Liang et al. (2019)

KU131042 | GSTS240 Qinzhou, Tianshui, Gansu C F F undescribed | Liangetal. (2019)

KU131043 | SCMB244 Mabian, Leshan, Sichuan B G G1 A. Liang et al. (2019)
davidianus

MK177467 | MCZA 2853 Hongya, Meishan, Sichuan B G G1 A. Turvey et al. (2019)
davidianus

MK177468 | NHM Ya’an, Sichuan B G G1 A. Turvey et al. (2019)

1909.7.22.1 davidianus

MK177466 | NMNH 52409 Ya’an, Sichuan B G G1 A. Turvey et al. (2019)

davidianus
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KU131040 | SXTB202 Taibai, Baoji, Shaanxi B G G2 undescribed | Liangetal. (2019)
KU131058 | SXTBYG677 Taibai, Baoji, Shaanxi B G G2 undescribed | Liangetal. (2019)
KU131057 | SXSLZS672 Zhashui, Shangluo, Shaanxi B G G2 undescribed | Liangetal. (2019)
KU131047 | SXYQLS371 Yuanqu, Yuncheng, Shanxi B G G2 undescribed | Liangetal. (2019)
KU131048 | HNJY385 Wangwushan, Jiyuan, Henan B G G2 undescribed | Liangetal. (2019)
KU131061 | HNSZSDJ82 Sangzhi, Zhangjiajie, Hunan B G G2 undescribed | Liangetal. (2019)
KU131053 | YNYL551 Yiliang, Zhaotong, Yunnan B G G2 undescribed | Liangetal. (2019)
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Table 2. Prior settings for population size (8) and root divergence date (t) in BPP

analysis. Mean 6 equates to mean difference between two sequences drawn at random

from population. Percent sequence difference in T represents percent sequence

divergence from root to tip of tree.

horoiluspese/:sdny wouy pspeojumoq

Run Theta®Pprior Tau&priork Mean® Mean& tBoBequencedifferercel

1 16(3,0.0002) 1G(3,003) 0.0001 0.0015 0.15
2 1G(3,03) 0.015 1.5

3 1G(3,0.0003) 0.00015 0.015
4 1G(3,0.002) 1G(3,003) 0.001 0.0015 0.15
5 1G(3,03) 0.015 1.5

6 1G(3,0.0003) 0.00015 0.015
7 16(3,002) 1G(3,003) K} 0.0015 0.15
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Table 3. Bayesian PTP species delimitation results, showing posterior support for species subdivision and individuals belonging to each

group. Both analyses (BEAST tree for Cryptobranchoidea, and Bayesian tree for all-Andrias) had similar results for the seven main

‘dno-olwepeoe//:sdiy Woly pepeojum

clades, but only the all-Andrias tree recognised species-splits within clades D and G. §
@
S
s
>
8
=}
=1
BEAST tree . Posterior Bayesian tree (all- i Posterior 3
i Accession numbers . i Accession numbers 5
(Cryptobranchoidea) probability Andrias) probability 3
A KU131056 1 A KU131056 1
B KU131050, KU131051, KU131052, 0.99 B KU131050, KU131051, KU131052, 0.82
KU131054, MK177465, MK177469 ' KU131054, MK177465, MK177469 '
C KU131055 1 C KU131055 1
D1 KU131044,KU131045 0.94
D KU131044,KU131045, KU131046 0.80
D2 KU131046 0.97
KU131059, KU131060, KX268733, KU131059, KU131060, KX268733,
E MK177461, MK177462, MK177463, 0.99 E MK177461, MK177462, MK177463, 0.98
MK177464 MK177464
F KU131042 1 F KU131042 1
KU131040, KU131043, KU131047, G1 KU131043, MK177466, MK177467, 0.68
G KU131048, KU131053, KU131057, 0.95 KU131040,KU131047,KU131048,
KU131058, KU131061, MK177466, ' G2 KU131053,KU131057, KU131058, 0.37

MK177467, MK177468

KU131061
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Table 4. Species delimitation results for BPP analyses based on alignment of Chinese

Andrias mitogenome sequences. Posterior probabilities shown for seven runs, with

highest-supported number of species for each run highlighted in bold.

Priorf Number®f8pecies
0 T 7 8 9

RuniA 1G(3,0.003) 0 0.003356 0.996644

1G(3,0.0002)
Runi 1G(3,0.03) 0 0.004368 0.995632
RunB 1G(3,0.0003) 0.000698 0.085706 0.913596
Run@ 1G(3,0.002) 1G(3,003) 0.000744 0.093116 0.906140
RunB 1G(3,03) 0.000942 0.087926 0911128
Run® 1G(3,0.0003) 0.230316 0.469020 0.261808

1G(3,0.02)
Runf? 1G(3,003) 0.206356 0.447040 0.310354
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Figure 1. SPLITSTREE network constructed from uncorrected p-distances on Chinese
Andrias mitogenomes, showing bootstrap support. Names and colours of clades match

Liang et al. (2019).

Figure 2. Phylogenetic tree for Chinese Andrias mitogenomes showing division into
seven highly-supported clades. Topology for ML and Bayesian trees are identical.

Branch support for ML bootstrap and Bayesian posterior probabilities are shown.

Figure 3. Time-calibrated BEAST2 mitochondrial genome MCC tree showing Chinese
Andrias clades and estimated divergence times, and species delimitation results.
Vertical bars indicate the highest-supported number of Chinese Andrias species
recovered from each species delimitation method, alongside a sequence-by-sequence

matrix with cell colour indicating probability that sequence pairs are conspecific.

Figure 4. Distribution of ratios of sampled coalescence to Yule rates for bGMYC

analysis.

Figure 5. Phylogenetic species tree showing bPTP support for species delimitations
within Chinese Andrias species complex. Bayesian all-Andrias tree and BEAST
Cryptobranchoidea tree were both used as bPTP input phylogenies. For species with
n>1 samples, samples grouped in red are recovered as conspecific in both analyses, and
blue branches indicate further subdivision recovered by the all-Andrias tree only.
Support values indicate posterior probability that grouped samples are referrable to the
same species; where support values differ between phylogenies, support from the

Cryptobranchoidea phylogeny is shown in grey.
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Figure 6. A, Collection localities for reportedly wild-caught Chinese Andrias individuals
for which mitogenome data were analysed. Letters and colours correspond to clades in
Liang et al. (2019). Historical samples lacking precise reported collection localities are
not shown. Italicised samples within triangles are likely to represent translocated
rather than true wild individuals, as they were collected within the distributions of
different clades. B, Distribution of Chinese Andrias individuals assigned to clades G1 and
G2 in mountain regions surrounding Sichuan Basin. Giant salamander silhouette

indicates collection locality of Andrias davidianus holotype.
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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